Abstract The steroid hormone ecdysone induces DNA amplification and subsequent DNA puff formation in late fourth larval instar salivary gland polytene chromosomes of the fungus fly, Sciara coprophila. Previous in vitro studies on DNA puff II/9A in Sciara demonstrated that the ecdysone receptor (ScEcR-A) efficiently binds an ecdysone response element adjacent to the origin recognition complex binding site within the II/9A amplification origin, implying a role for ScEcR-A in amplification. Here, we extrapolate the molecular details from locus II/9A to the rest of the genome using immunofluorescence with a ScEcR-A-specific antibody. ScEcR-A binds all DNA puff sites just as amplification begins and persists throughout the processes of amplification, transcription, and puffing. Ecdysone injections into pre-amplification stage larvae prematurely induce both DNA amplification and ScEcR-A binding to DNA puff sites. These data are consistent with a direct role for ScEcR-A in DNA amplification.
Introduction
Ecdysteroids play an important role in regulating the development and molting of insects. Particularly, in dipteran insects, the steroid hormone 20-hydroxyecdysone (henceforth referred to as ecdysone) induces the expression of genes required for metamorphosis during the last larval instar. Many types of insect tissue react to ecdysone at this developmental stage. Among the more prominent features to appear are puffs at specific sites in salivary gland polytene chromosomes. These RNA puffs form as a result of intense transcription (Pelling 1964) and are ecdysone inducible (Clever and Karlson 1960; Clever 1961; Clever 1965; Ashburner 1972) . The binding of ecdysone to polytene chromosomal loci under its control was first shown by photoaffinity labeling experiments (Gronemeyer and Pongs 1980; Gronemeyer et al. 1981) . According to the Ashburner model, ecdysone plays a dual role in puff formation in Drosophila, inducing early puffs and repressing late puffs. Activation of the early puffs produces transcription factors that trigger late puffs, leading to a cascade of RNA puffs across development (Ashburner et al. 1974; Kiss et al. 1976; Belyaeva et al. 1981; Thummel 1990 ). The early puffs are rapidly induced in a dosage-dependent manner and without a requirement for protein synthesis, suggesting that an ecdysone receptor is already present. The functional ecdysone receptor was later discovered to be a heterodimer of the ecdysone receptor (EcR) (Koelle et al. 1991) and ultraspiracle (USP) (Thomas et al. 1993; Yao et al. 1992 Yao et al. , 1993 . Recent genome-wide screening of EcR/USP binding sites in a Drosophila cell line has confirmed that many of its early targets encode factors that are involved in transcriptional regulation and puffing (Gauhar et al. 2009 ).
Besides RNA puffs, sciarid flies also possess DNA puffs, so-called because they are sites of developmentally regulated DNA amplification in addition to transcription; DNA puffs have been previously identified by H 3 -thymidine uptake and quantified by microspectrophotometry and molecular methods (Breuer and Pavan 1955; Rudkin and Corlette 1957; Rasch 1970a; Glover et al. 1982; Lara et al. 1991; Wu et al. 1993; Stocker et al. 1996; de Almeida 1997) . During the fourth and last instar of Sciara coprophila female larvae, the entire genome endoreduplicates up to 8,192 copies in each nucleus of the salivary glands without intervening mitoses (Rasch 1970b) . The sister chromatids remain synapsed together in tight parallel array, forming giant polytene chromosomes that can be visualized under the microscope. During the last endocycle, specific origins of replication fire repeatedly, resulting in DNA amplification at those loci. Subsequent transcription of the "extra" DNA causes localized distension at those sites in the polytene chromosomes, resulting in gigantic DNA puffs (Poulson and Metz 1938; GabrusewyczGarcia 1964) . Like RNA puffs in Drosophila (Ashburner et al. 1974) , DNA puffs are regulated by ecdysone (Monesi et al. 2009 ) and can be prematurely induced by ecdysone injections into larvae, as demonstrated on both the cytological level (Crouse 1968; Stocker and Pavan 1974; Amabis and Amabis 1984a ) and the molecular level (Foulk et al. 2006) . Moreover, DNA puffing does not occur if the flow of ecdysone from the prothoracic gland is physically restricted by a ligature posterior to the brain (Amabis and Amabis 1984b) .
Eighteen DNA puffs arise at specific loci in Sciara salivary gland polytene chromosomes near the end of the fourth larval instar (Table 1) (Gabrusewycz-Garcia 1964 . The largest and earliest forming puff is located on chromosome II at position 9A (II/9A), and we have characterized the molecular structure of this puff site and its response to ecdysone. The II/9A locus contains two genes (II/9-1 and II/9-2) which share 85 % sequence similarity and encode secretory proteins with α-helical coiled coil regions that are presumably secreted to form the pupal case (DiBartolomeis and Gerbi 1989) . Previous two-and three-dimensional gel mapping studies defined a 1-kb origin (ORI) where replication initiates during DNA amplification Liang and Gerbi 1994) . A DNase I hypersensitive site is located about 600 bp upstream of the 1-kb ORI (Urnov et al. 2002) and may serve as an upstream border for the initiation zone of DNA synthesis at all stages of development (Lunyak et al. 2002) . A binding site for the origin recognition complex (ORC) is present within the 5′ end of the 1-kb ORI and is adjacent to the start site for bidirectional DNA replication, localized at the nucleotide level by replication initiation point mapping (Bielinsky et al. 2001) . Additionally, a putative ecdysone response element (EcRE) is situated adjacent to the ORC binding site within the 1-kb ORI (Foulk et al. 2006) . This ORI EcRE is capable of being bound by the Sciara EcR/USP complex, as shown by gel shifts, suggesting that ecdysone might act through this EcRE to regulate the amplification process (Foulk et al. 2006) . EcREs are also present in the promoters of genes II/9-1 and II/9-2 (DiBartolomeis and Gerbi 1989; BienzTadmor et al. 1991) . Isoform A of the ecdysone receptor (ScEcR-A) predominates in the salivary glands of fourth instar Sciara larvae (Foulk et al. 2006 (Foulk et al. , 2013 . At the earliest forming DNA puffs, II/9A and II/2B, DNA amplification initiates just before morphological puffing becomes evident (stage 10×5), and replication continues through the onset of puff formation (stage 12× 6) and plateaus when a burst of transcription results in maximal puff expansion (stage 14×7) .
In order to extrapolate the molecular details elucidated from the II/9A locus to other amplified loci, we have conducted immunofluorescence experiments to visualize the binding of ScEcR-A in salivary gland polytene chromosomes during the late fourth larval instar. Moreover, immunofluorescence on polytene chromosomes provides a way to acquire global, genome-wide information about sites bound by the hormone receptor in the absence of the complete Sciara genome sequence, which is necessary for ChIP-seq. We reasoned that the appearance of ScEcR-A at DNA puff sites at the start of amplification, but before transcription or puffing, would further support its direct involvement in the amplification process. We find that ScEcR-A localizes to DNA puff sites at stage 10×5, just as amplification is starting. These signals persist throughout the processes of amplification, transcription, and puffing. ScEcR-A also binds to RNA puff sites and to other sites in the genome, consistent with its role as a transcription factor and the major regulator of insect development. Finally, ecdysone injections into pre-amplification stage larvae prematurely induce the natural progression of ScEcR-A signals across the genome, supporting our hypothesis that ScEcR-A might be involved in DNA amplification.
Materials and methods
Fly stocks S. (Bradysia) coprophila stock 7298 (wild type with Wavy wing marker linked to the X′ inversion chromosome) and 7298 derivative stocks ("Holo") were raised in the laboratory at 21°C. Only female fourth instar larvae from these stocks were used for immunofluorescence studies because they undergo an additional endoreduplication cycle compared to males (Rasch 1970b) , resulting in larger polytene chromosomes. Well-fed larvae grown in medium density conditions yielded chromosome squashes of significantly better quality. The expansion of puff morphology coincides with development of the eye anlage from mid to late fourth larval instar, allowing larvae to be staged by counting their eyespot granules under a 16X objective. Each developmental stage is specified by the number of eyespot granules in the longest row multiplied by the number of rows minus one (Gabrusewycz-Garcia 1964; Wu et al. 1993) . At the earliest DNA puffs II/2B and II/9A, amplification initiates at eyespot stage 10×5 and continues through 12 × 6, while maximal puffing resulting from a burst of transcription occurs at the 14×7 stage Wu et al. 1993; Foulk et al. 2006) .
Antibodies ScEcR-A is isoform A of EcR, and it predominates in the salivary glands of fourth larval instar S. coprophila (Foulk et al. 2013) . A polyclonal antibody to this isoform was produced against the unique ScEcR-A NH 2 -terminus as described (Foulk et al. 2013 Gabrusewycz-Garcia (1964 . ant and post indicate that the puff occurs only in the anterior or posterior portion of the gland, respectively. DNA puffs in parentheses are minor puffs molecular weight marker. Crude fractionation of salivary glands was carried out as follows: salivary gland cell suspensions were made by homogenizing whole salivary glands with an Eppendorf tube pestle in Robert's CR buffer and pelleted by centrifugation. Cells were swollen in 50 μl buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 1× protease inhibitor cocktail [Roche Diagnostics GmbH, Mannheim, Germany]) for 50 min on ice. Cells were lysed by adding 1.5 μl Igepal CA-630 (Nonidet P-40; Sigma, St. Louis, MO, USA) and vortexing. Nuclei were pelleted by centrifugation for 30 s at 10,000 rpm and the supernatant was saved as the cytoplasmic fraction.
Ecdysone injections Ecdysone injections were performed as described by Foulk et al. (2006) . Preamplification stage larvae (early eyespot or 8×4 stages) were micro-injected with 320 pg of 20-hydroxyecdysone (Sigma) in 50 % ethanol, together with 25 mg/ml blue dextran (Sigma) as a tracer. Control larvae were microinjected with 50 % ethanol containing blue dextran as a tracer. The total volume injected into each larva was 32 nl. After injection, larvae were kept in small Petri dishes on 2.2 % Bacto agar (Becton Dickinson Company, Sparks, MD, USA) at 21°C for 12-18 h.
Preparation of chromosome squashes and immunofluorescent detection of ScEcR-A Polytene chromosome squashes and immunostaining were performed as described by Zink et al. (1991) with modifications. Briefly, the anterior portions of salivary glands were excised from staged larvae in dissecting buffer (PBS, pH 7.4, 0.1 % Triton X-100) [PBS, 137 mM NaCl; 2.7 mM KCl; 10 mM Na 2 HPO 4 ; 2 mM KH 2 PO 4 , pH 7.4] and immediately fixed for 25 s in freshly prepared solution I (3.7 % formaldehyde, 1 % Triton X-100, PBS, pH 7.4). Glands were then transferred to a 35-μl drop of solution II (3.7 % formaldehyde, 50 % acetic acid) on a siliconized coverslip for 70 s. The 37 % formaldehyde stock solution used for solutions I and II was made fresh before each experiment by boiling paraformaldehyde (Sigma) in 15 mM KOH until dissolved. After picking up the coverslip with a poly-L-lysine-coated slide [slide coating: clean slides were soaked for 5 min in 0.1 % poly-L-lysine (Sigma) and oven dried at 80°C for 1 h], the entire preparation was flipped over. Chromosomes were spread by firmly tapping the coverslip around the glands with a pencil eraser. The chromosomes were then flattened by compression of the slide between several sheets of blotting paper with thumb pressure. After freezing the preparation in liquid nitrogen, the coverslip was pried off with a razor blade and the exposed chromosome squash was washed in PBS (2×15 min, agitating). Slides were then blocked (PBS, pH 7.4, 3 % nonfat dried milk, 0.3 % Triton X-100) for 1 h at room temperature or overnight at 4°C and washed (2×10 min, agitating) with PBT (PBS, pH 7.4, 0.1 % BSA, 0.2 % Tween-20). Chromosome preparations were reacted sequentially with 40 μl anti-ScEcR-A (1:2,500 in PBT) and then Alexa Fluor 488 dye-conjugated goat anti-rabbit IgG (1:1,000 in PBT) for 1 h each. Each immunostaining step was followed by a PBT wash (2×10 min, agitating). Slides were then counterstained with 4′,6-diamidino-2-phenylindole (DAPI; 200 ng/ml in H 2 O) for 10 min. All incubation steps were carried out at room temperature in a darkened humid chamber. After a brief rinse in PBT, slides were mounted with ProLong® Gold (Invitrogen, Carlsbad, CA, USA) and stored in the dark at 4°C. Reacted preparations were examined under a Carl Zeiss Axiovert 200M microscope and photographed with the 40X objective (dry). AxioVision software was used to optimize exposure times automatically according to the immunostaining intensity of each chromosome preparation. Captured images were then exported into Adobe Photoshop® for resizing and cropping.
Results
ScEcR-A is the predominant isoform of ecdysone receptor found in Sciara larval salivary glands (Foulk et al. 2013) . A polyclonal antibody was produced against the unique NH 2 -terminus of the ScEcR-A protein. This antibody detected the 68-kDa band of ScEcR-A in Sciara salivary gland extracts as determined by Western blot (Fig. 1a) and did not cross-react with the other Sciara ecdysone receptor isoform, ScEcR-B, that is 61 kDa. The ScEcR-A antibody also bound a crossreacting band of about 49 kDa (asterisk; Fig. 1a ) and high molecular weight, weakly cross-reacting bands (detected on long exposures; Online Resource 1) at every developmental stage examined by Western blot. However, crude fractionation of the salivary glands into cytoplasmic and nuclear fractions showed that ScEcR-A is enriched in the nuclear fraction while the 49-kDa cross-reacting band is depleted (Fig. 1b) . Moreover, since no immunofluorescent signal was observed on salivary gland polytene chromosomes at pre-eyespot (PES) or early eyespot (EES) stages (Figs. 2, 3 , 4, and 5) despite the presence of cross-reacting bands on the Western blot at these stages (Fig. 1a) , we conclude that the cross-reacting bands do not give rise to staining on the chromosomes. Therefore, the signals observed on the polytene chromosomes are specific to bound ScEcR-A. Control experiments further confirmed that the chromosomal signals were specifically due to ScEcR-A. Incubation of chromosome squashes prepared from larvae at 14×7 stage with pre-immune serum and secondary antibody resulted in weak, general fluorescence, but no distinct labeling of chromosomes (Online Resource 2a-c). Reaction of 14×7 stage preparations with the secondary antibody alone gave a similar result of no signal (Online Resource 2d-f).
The ScEcR-A polyclonal antibody was used to perform immunofluorescence experiments to detect the binding of ScEcR-A to polytene chromosomes II, III, IV, and X (Figs. 2, 3 , 4, and 5, respectively) during late larval development in S. coprophila. We found that the level of chromosome-associated ScEcR-A increased in salivary gland chromosomes during the fourth larval instar, mirroring the increase in ScEcR-A levels in the salivary glands themselves. Pre-amplification stage (8× 4) larvae exhibited few ScEcR-A-specific fluorescent bands per chromosome. Increased ScEcR-A staining across the genome occurred in 10×5 and 12×6 stage larvae, with maximal intensity of immunostaining seen in 14×7 stage larvae (see Figs. 2, 3, 4 , and 5).
ScEcR-A associates with DNA puffs First, we analyzed ScEcR-A immunostaining at the DNA puff loci in Sciara salivary glands from various developmental stages. We have followed the previous nomenclature for both DNA puffs and RNA puffs (GabrusewyczGarcia 1964; Gabrusewycz-Garcia and Kleinfeld 1966) , in which DNA puffs were identified by autoradiography following H 3 -thymidine incorporation and RNA puffs by H 3 -uridine incorporation. The chromosomes of early eyespot stage larvae (well before DNA puff amplification) usually showed no ScEcR-A immunostaining, except for a single pale band at future DNA puff site IV/19A if any signal was detected at all (Online Resource 2g-i). This signal was also consistently seen as a bright band in preparations from 8×4 stage larvae ( Importantly, immunostaining of all major and minor DNA puff loci generally occurred at the 10×5 stage. ScEcR-A staining during this stage usually coincided with preliminary puff formation at two of the largest and earliest forming DNA puffs, II/2B and II/9A (Fig. 2f) . Loci of DNA puff sites that gave strong signals during the 10 × 5 stage were II/2B, II/9A, and II/11A (Fig. 2f) ; III/2B, III/11A, and III/15B (Fig. 3f) ; and IV/8C, IV/10B, IV/12A, and IV/19A (Fig. 4f) . Signals of pale to modest strength at stage 10×5 were seen at other DNA puff sites including II/6A, II/13A, and II/14B (Fig. 2f) ; III/10A (Fig. 3f) ; IV/5C and IV/15B (Fig. 4f) ; and X/7A and X/11B (Fig. 5f ). Most DNA puffs are present in the anterior and posterior portions of the salivary glands, but a few are found only in the anterior or posterior Fig. 1 Western blots demonstrate the specificity of the ScEcR-A antibody. a Western blot with salivary gland extracts prepared from pre-amplification stages (pre-eyespot (PES), early eyespot (EES) and 8 × 4), amplification (10 × 5, 12 × 6), and postamplification stages (14×7) were incubated with the polyclonal antibody to Sciara EcR-A. Arrow indicates a 68-kDa band corresponding to ScEcR-A (Foulk et al. 2013) . Asterisk indicates a nonchromosomally bound cross-reacting band that is ∼49 kDa. b Western blot of crude cytoplasmic and nuclear fractions of salivary glands. Labeled as described in a parts (Table 1) . Interestingly, ScEcR-A was consistently detected at loci II/11A, II/14B, and IV/15B in anterior portions of salivary glands from stage 10×5 (Figs. 2f  and 4f ), despite the fact that these loci only puff morphologically in chromosomes from the posterior segment of the salivary gland (Gabrusewycz-Garcia 1964 ).
The signal strength at most DNA puff sites tended to increase from stages 10 × 5 through 14 × 7, paralleling the expansion of puff morphology (Figs. 2,  3 , 4, and 5). As seen in separate channels, certain DNA puffs showed both increased levels of DAPI and anti-ScEcR-A staining, e.g., II/2B, II/6A, II/9A, III/2B, and III/11A (Figs. 2l and 3l ). Yet, other DNA Fig. 2 Localization of ScEcR-A on chromosome II at eyespot stage 8×4, 10×5, 12× 6, and 14× 7. The anterior one third portion of salivary glands was dissected from staged mid to late fourth instar Sciara larvae and squashed as described by Zink et al. (1991) . Chromosome preparations were then reacted sequentially with a polyclonal antibody to ScEcR-A, Alexa Fluor 488 dyeconjugated goat anti-rabbit IgG, and counterstained with DAPI. a, d, g, j DAPI channel. b, e, h, k ScEcR-A (FITC) channel. c, f, i, l Merge of DAPI and ScEcR-A channels. Yellow arrows point to loci that form DNA puffs, red arrows point to loci that form RNA puffs, and white arrows point to prominent examples of orphan signals (see text). Bar represents 50 μm puffs exhibited diffuse interiors under DAPI staining, allowing ScEcR-A signals to be seen easily in the merged image, e.g., III/15B (Fig. 3l) . Several DNA puffs, however, showed little or no increase in ScEcR-A signal strength over this time frame. These were mostly found on chromosome IV, e.g., IV/5C and IV/12A (Fig. 4l) . Overall, the developmental profile of ScEcR-A immunofluorescence was entirely reproducible (Online Resources 4, 5, and 6).
ScEcR-A associates with RNA puffs ScEcR-A was found to bind most RNA puff sites in Sciara during the fourth larval instar. Unlike DNA puffs, RNA puffs do not arise in synchrony during development (Gabrusewycz-Garcia 1964) . At the 8× 4 stage, ScEcR-A signals could be seen at III/9B (Fig. 3c) , IV/9C, and IV/10A (Fig. 4c) , suggesting the involvement of ScEcR-A in transcription at those loci. Fig. 3 Localization of ScEcR-A on chromosome III at eyespot stage 8×4, 10×5, 12×6, and 14×7. Preparation and details as described in Fig. 2 Many RNA puff sites exhibited moderate to strong signals from stages 10×5 through 14×7. The positions of these signals on different chromosomes are as follows: 1B, 10B/C, 12A, 12B, and 13C on chromosome II (Fig. 2) ; 4A, 5C, 7A, 9B, and 12C on chromosome III (Fig. 3); and 4C , 5B, 6B, 7B, 9C, 10A, 10C, and 19C on chromosome IV (Fig. 4) . Notably, RNA puff III/9B consistently exhibited a signal that was intense enough to rival even the brightest DNA puffs (Fig. 3) . In some preparations, ScEcR-A labeled this puff slightly off-center, similar to experimental results seen by in situ hybridization with a cDNA probe against this locus . Analysis of the RNA puffs on the X chromosome was omitted because the triple repeat regions make analysis of ScEcR-A binding difficult.
ScEcR-A binds to other regions of the genome Examination of immunostained preparations showed that ScEcR-A bound to some regions of the genome that Fig. 4 Localization of ScEcR-A on chromosome IV at eyespot stage 8×4, 10×5, 12×6, and 14×7. Preparation and details as described in Fig. 2 did not correspond to previously described DNA or RNA puffs (Figs. 2, 3 , 4, and 5). These "orphan" signals formed a consistent and reproducible banding pattern, providing a convenient way of identifying and mapping each chromosome according to the charts made by GabrusewyczGarcia (1964) . Many of these orphan signals were observed in the polytene chromosomes, reflecting the role of the ecdysone receptor as the master regulator of development. Two of the brightest of these non-puff signals were found at II/4A (Fig. 2) and III/13C (Fig. 3) and were observed across development. The signal at II/4A was seen to appear as early as the 8×4 stage (Fig. 2c) . Another weak orphan signal was observed at the 8×4 stage at IV/14C (Fig. 4c) . A summary of all prominent observed ScEcR-A signals is presented in Table 1 and depicted graphically in Fig. 6 .
Ecdysone injections into pre-amplification stage larvae prematurely induce the natural progression of ScEcR-A signals across the genome Ecdysone injections into the hemolymph of individual pre-amplification stage Sciara larvae (early eyespot or 8×4 stages) have been previously shown to induce premature DNA amplification (Foulk et al. 2006 ) and puffing (Crouse 1968) . In particular, robust amplification was observed at 18 h after ecdysone injection, suggesting the possible involvement of the ecdysone receptor in amplification (Foulk et al. 2006) . Could ecdysone injection into pre-amplification stage larvae prematurely induce ScEcR-A signals similar to those observed in 10×5 stage larvae undergoing amplification? To answer this question, we injected 320 pg of ecdysone in 50 % ethanol (in a total volume of 32 nl) into individual pre-amplification stage larvae and performed chromosome squashes and ScEcR-A immunostaining at 12, 15, 18, and 24 h post-injection. Control larvae were mock injected with 32 nl of 50 % ethanol.
We found that ecdysone injections into preamplification stage larvae accelerated the normal transition from the early eyespot/8×4 stage to the edge eye stage. Larvae usually take 4 days to transit from the 8 × 4 stage to the edge eye stage. This transition occurred over a time span of 24 h when 8×4 stage larvae were injected with ecdysone demonstrating that ScEcR-A signals could be prematurely induced by ecdysone injection as well. At 12 h post-injection, a few ScEcR-A signals were observed across the genome (Fig. 7a) . Loci displaying signals at this time included II/4A, II/12B, III/15B, and IV/19A (Fig. 7a) , similar to the signals seen at the 8×4 stage (Figs. 2c,  3c , and 4c). At 15 h post-injection, ScEcR-A signals were observed mirroring the overall trend of ScEcR-A signals seen in larvae from stages 10×5 through 14×7 (Fig. 7b and data not shown) . Notably, the strength and intensity of ScEcR-A signals at DNA puff sites during this time were comparable to the natural progression of signals in 10×5 stage larvae. At 18 h postinjection, a weaker, more general ScEcR-A immunofluorescence was observed over the entire genome (Fig. 7c) , similar to the decrease in overall ScEcR-A signal in edge eye stage larvae observed by immunoblotting (Foulk et al. 2013) . The chromosomes of mock-injected larvae showed no ScEcR-A staining up to 18 h post-injection (Online Resource 2j-l). Finally, because ecdysone prematurely induces pupation and histolysis of salivary glands, we found that the polytene chromosomes at 24 h post-injection were not useful for ScEcR-A immunofluorescence (results not shown). Gabrusewycz-Garcia (1964 
Discussion
Ecdysone induces amplification and morphological puffing in salivary gland polytene chromosomes of S. coprophila during late fourth larval instar (Crouse 1968; Foulk et al. 2006) . However, the exact mechanism by which the cellular controls normally preventing re-replication are subverted during this process remains unclear. It has been shown previously that ecdysone induces amplification at DNA puff II/9A, and the identification of a putative EcRE adjacent to the ORC-binding site within the 1-kb ORI of II/9A further implied a direct role for the ecdysone receptor in the amplification response (Foulk et al. 2006) . Isoform A of the ecdysone receptor (ScEcR-A) predominates in the salivary glands of fourth instar Sciara larvae (Foulk et al. 2013) . In this study, we asked if the ecdysone receptor binds to the other DNA puffs at the onset of DNA amplification, consistent with the molecular details elucidated from the II/9A locus suggesting a direct role for ScEcR-A as the amplification factor. To answer that question at the genome level in the absence of a complete Sciara genome sequence, we performed immunofluorescence experiments to visualize the binding of ScEcR-A on late fourth larval instar salivary gland polytene chromosomes. We have compiled here (Table 1 ) a list of DNA puffs and RNA puffs that have been described previously (Gabrusewycz-Garcia 1964 ) as well as a compilation of the sites of ScEcR-A binding discovered here in S. coprophila polytene chromosomes (Fig. 6) . At the early eyespot stage, a weak ScEcR-A band was usually observed at IV/19A if any signal was detected at all. At stage 8×4, weak ScEcR-A signals appeared at select sites across the genome. Some of these sites correspond to DNA puff loci (III/15B, IV/8C, IV/10B, IV/19A) and RNA puff loci (III/9B, IV/9C, IV/10A), while other sites (II/4A, IV/14C) are neither DNA nor RNA puff loci but have a high affinity for ScEcR-A at stage 8×4. Importantly, strong ScEcR-A signals localizing to all DNA puffs and most RNA puffs occurred at stage 10 ×5 (when DNA amplification initiates; Wu et al. 1993) , and persisted through to stage 14×7. ScEcR-A also bound to some other sites across the genome, giving rise to orphan signals. Furthermore, ecdysone injections into preamplification stage larvae prematurely induced the natural progression of all the ScEcR-A signals reported here. The persistence of ScEcR-A signals throughout amplification, transcription, and puffing at specific DNA puff sites suggests the involvement of ScEcR-A in these three processes. Although most DNA puff loci tended to show increased ScEcR-A Fig. 7 Ecdysone injections into pre-amplification stage larvae prematurely induce the natural progression of ScEcR-A signals across the genome. Pre-amplification stage larvae were individually micro-injected with 320 pg of 20-hydroxyecdysone in 50 % ethanol. After injection, larvae were incubated at 21°C and then used for chromosome squashes and ScEcR-A immunofluorescence experiments at the indicated times. Preparation of chromosome squashes and other details as described in Fig. 2 . ScEcR-A immunostaining at a 12 h, b 15 h, and c 18 h after ecdysone injection signal strength from stage 10×5 through stage 14× 7, the intensity of ScEcR-A signal at individual puffs did not always correlate with the extent and timing of morphological puffing. Recently, it was shown that the conformation and activity of another steroid hormone receptor-the glucocorticoid receptor-is regulated by variations in the DNA sequences it binds to (Meijsing et al. 2009 ). Perhaps a similar scenario exists in Sciara as well, where the role of ScEcR-A in directing the ecdysone response is influenced by the unique sequence characteristics of each puff site. In particular, the different strengths of ScEcR-A binding at different sites in the genome could result from two possibilities: (a) differences in the EcRE sequences at different puff sites that confer distinct affinities for ScEcR-A or (b) differences in the number of EcREs at each ScEcR-A binding site, with more EcREs allowing more ScEcR-A to be bound.
Recent genome-wide mapping of binding sites for the ecdysone receptor in Drosophila Kc cells identified 502 major binding regions and showed that addition of ecdysone induced or repressed transcription of 113 or 59 genes, respectively, as an early response (Gauhar et al. 2009 ) in good agreement with another recent study (Gonsalves et al. 2011) . In Drosophila salivary glands, genomic analysis revealed 87 genes induced and 9 repressed by ecdysone with little overlap with the ecdysone-regulated genes in Kc cells (Gonsalves et al. 2011) . The number of ecdysone-regulated genes in Drosophila salivary glands analyzed by another group was larger, but reflects a higher ecdysone concentration and a longer incubation time (Beckstead et al. 2005) . By comparison, we observed approximately 180 ScEcR-A signal bands by immunofluorescence in Sciara, which is in good agreement with the ∼100 ecdysone-regulated loci identified by others in Drosophila. Cytological resolution does not allow us to directly correlate the observed ScEcR-A signal bands to the number of EcRE sites, as there could be several EcRE sites for a given EcR immunofluorescent band. The relationship of the observed ScEcR-A immunofluorescence signals to the actual binding sites must await the completion of the Sciara genome sequence, which is not yet available.
The identification of numerous ScEcR-A orphan signals across the Sciara genome, such as at II/4A and III/13C, raises a question as to their presence. These signals likely represent heretofore unidentified genes that are regulated by ScEcR-A, reflecting the role of ecdysone and the ecdysone receptor as the master regulator of development. On the other hand, Gauhar et al. (2009) discovered that only 42 % of the ecdysone receptor bound sites coincided with ecdysone-regulated genes in Drosophila Kc cells, suggesting that tissue-specific factors are needed in addition to EcR to regulate transcription. Conceivably, some of the orphan signals that we observed in Sciara, as well as ScEcR-A signals for puffs active only in the posterior portion of the salivary gland, could correspond to ecdysone-regulated genes that are potentially expressed in other Sciara cell types, but not in the anterior portion of the salivary glands where the tissue-specific cofactor would be absent. Although these sites are bound by ScEcR-A, they may not be expressed due to the lack of the necessary cofactors.
Is the ecdysone receptor involved in amplification?
ScEcR-A bound all known DNA puff sites at eyespot stage 10×5, when amplification but not transcription was occurring at II/9A. In addition, ecdysone injections into pre-amplification stage larvae prematurely induced the normal course of ScEcR-A signals at all DNA puff sites, including II/9A. These results are consistent with a direct role for the ecdysone receptor in regulating DNA amplification. Moreover, the timing and intensity of ScEcR-A binding to II/9A are comparable to that of II/2B, a DNA puff that exhibits an amplification and transcription profile similar to II/9A . This leads us to believe that amplification at other loci might be activated in a similar way to II/9A, despite the fact that the amplification and transcription developmental profiles of these other loci have yet to be characterized.
Two previous attempts have been made to visualize the ecdysone receptor at the sites of DNA puffs during the start of amplification in different species of sciarid flies. In the first study, Stocker et al. (1997) used a Chironomus EcR-specific antibody to detect the ecdysone receptor in Trichosia pubescens, while in the second study Candido-Silva et al. (2008) developed a Bradysia hygida EcR-specific antibody and used it to study association of the ecdysone receptor within the same organism. Both studies revealed binding of the ecdysone receptor to DNA puffs during transcription, but no significant signal was observed at loci initiating DNA amplification prior to transcription. In contrast, we have demonstrated the binding of the ecdysone receptor to DNA puff sites at the beginning of amplification (stage 10×5) until transcription (stage 14×7) with significant signals already seen over the DNA puffs at stage 10×5 when amplification starts. Our results could be due to better antibody specificity, better resolution of developmental stages, or differences in amplification biology between Sciara and the two species of fly previously studied.
Our finding that ScEcR-A appears at DNA puffs when DNA amplification is initiating is consistent with a direct role for ScEcR-A in the mechanism for gene amplification. Ecdysone could first upregulate ScEcR-A levels, following which ScEcR-A would bind to the EcRE adjacent to the replication ORI (Foulk et al. 2006) where it may induce DNA amplification by interacting with components of the replication machinery within the ORI. In fact, a putative EcR binding site is known to be located adjacent to the ORI at the II/9A locus (Foulk et al. 2006) . The ecdysone receptor was originally identified in Drosophila as a transcription factor, directing the expression of ecdysone-responsive genes (Koelle et al. 1991) . Thus, binding of ScEcR-A to the II/9A 1-kb ORI EcRE and other DNA puff ORIs during amplification would suggest a new role, besides transcription, for the ecdysone receptor in regulating DNA replication. The ecdysone receptor has also been implicated in DNA amplification in Drosophila follicle cells where genetic ablation of DmEcR-B1 prevents DNA amplification (Hackney et al. 2007) . Whether this is a direct or indirect effect remains unknown, despite the intriguing observation that amplification control element 3 in Drosophila contains a match to the consensus EcRE (Hackney et al. 2007 ).
Other untested mechanisms also remain possible whereby EcR could induce DNA amplification. Since the transcription factor function of EcR is to recruit RNA polymerase II (Pol II) for transcription, the question arises whether EcR recruitment of Pol II would also induce DNA amplification. In Sciara, DNA amplification precedes transcription at DNA puffs II/9A and II/2B ) that are two of the earliest DNA puffs. Moreover, inhibition of Pol II by a low concentration of actinomycin D does not prevent ecdysone induction of DNA amplification of locus II/9A in explanted salivary glands from Sciara (Foulk et al. 2006) . Therefore, transcription is not observed at the onset of DNA puff amplification, nor is it required at Sciara DNA puff II/9A. Although the transcriptional timing is not yet known for the other DNA puffs, evidence from Drosophila follicle cells also suggests that transcription is not a universal prerequisite for DNA amplification. Although α-amanitin blocks stage 13 amplification at DAFC-62D, it does not block the earlier burst of DNA amplification at stage 10 (Xie and Orr-Weaver 2008) . Moreover, even though Drosophila DAFC-34B also has two periods of DNA amplification, neither of them is sensitive to α-amanitin .
Even though transcription follows DNA amplification in Sciara DNA puffs II/2B and II/9A, and transcription is usually not required for DNA amplification in Drosophila follicle cells as discussed above, the possibility remains that EcR could recruit Pol II that is transcriptionally inactive during the onset of DNA amplification but necessary nonetheless. The occurrence of stalled Pol II is common in the genomes of various metazoans (Lis 2007; Levine 2011; Adelman and Lis 2012) . In many cases, nuclear run-on experiments have shown that the polymerase is simply paused (often proximal to the promoter) and can resume transcription after Sarkosyl treatment to remove pausing factors (Adelman and Lis 2012) . Paused Pol II helps to maintain chromatin in an open state (Adelman and Lis 2012) . Not only transcription factors, but also DNA replication factors needed for DNA amplification might be more readily recruited to such open chromatin. Moreover, replication origins are often found near promoters for transcription. Specifically, in the case of Sciara DNA puff II/9A, the DNA amplification origin is located slightly upstream of the promoter for gene II/9-1 Lunyak et al. 2002) . Similarly, the six amplification origins in Drosophila follicle cells coincide with Pol II occupancy . In Sciara, chromatin immunoprecipitation revealed that Pol II is located at the gene II/9-1 promoter at stage 10×5 when DNA amplification begins, even though transcription from this locus is not observed until after the completion of DNA amplification (Lunyak et al. 2002) .
Chromatin could be opened up by Pol II, but it also could be opened up simply by EcR itself. A mark of open chromatin, hyperacetylated histone H4 (especially H4K8), is enriched at Drosophila follicle cell amplicons and correlates with DNA amplification levels (Aggarwal and Calvi 2004; Hartl et al. 2007; . However, only two of the six Drosophila follicle cell amplicons show significant enrichment of H4 acetylation with the region bound by the ORC, suggesting that H4 acetylation is not sufficient or necessary for ORC localization, which is considered a prerequisite for origin firing . Finally, no histone acetyltransferases have been reported to date to bind to EcR. Taken together, these points suggest that EcR probably does not induce DNA re-replication, resulting in DNA amplification, by H4 acetylation.
The data reported here demonstrate that EcR-A binds to loci in the Sciara genome at the time when DNA amplification is initiating, thus mediating the known induction of Sciara DNA puff amplification by ecdysone (Foulk et al. 2006) . The existence of an EcRE that can bind ScEcR-A at the Sciara II/9A amplification origin is consistent with the hypothesis that ScEcR-A might interact directly with the replication machinery. As discussed above, it is also possible that ScEcR-A which is bound to DNA puff loci during the initiation of DNA amplification might promote DNA amplification through its potential recruitment of a paused Pol II. The data presented here will serve as a foundation for future studies to unravel the precise mechanism through which ecdysone induces DNA amplification. In any case, evidence described here suggests a direct role for ScEcR-A rather than simply an indirect role via its induction of a transcriptional cascade.
